ABSTRACT Aminoguanidine (AG) is a nucleophilic compound that inhibits nonenzymatic, glucose-derived collagen cross-linking in animal tissues. Whether AG can attenuate the accumulation of collagen cross-links in the Biceps femoris muscle of 64-wk-old broiler breeder hens as well as improve meat quality, was investigated. Eighty-four broiler breeder hens (30-wk-old) were divided into four equal groups. Each group was assigned randomly to diets supplemented with 0, 200, 400, or 800 ppm AG, respectively. Birds were fed individually, 150 g diet/d. After feeding AG for 34 wk, six birds from each group were killed and samples from the leg muscle were analyzed for changes in collagen
INTRODUCTION
The age-related decline in meat tenderness is due to many factors. Recent studies have suggested that glucose-derived collagen cross-linking plays a role in the normal aging process as well as the accelerated tissue aging associated with the diabetic state (Brownlee et ah, 1986) . The structural protein collagen represents the major component of connective tissue and functions as the basic supporting structure of tissues and organs. Glucose-derived collagen cross-linking in muscle may contribute to the decline in meat tenderness of aged animals although its importance in skeletal muscle has not been established.
Studies that support a role for glucose-derived collagen cross-linking in meat tenderness of aged animals include the following. Glucose-derived collagen cross-linking has been found in other tissues, including the walls of blood vessels, tendons, and skin of both normal and diabetic animals (Swatland, 1984) . NonenReceived for publication July 25, 1995. Accepted for publication November 11, 1995. ^ientific Article Number 2513, West Virginia University, Agricultural Experimental Station. 2 To whom correspondence should be addressed.
content. Aminoguanidine decreased (P < 0.05) glucosederived collagen cross-links in skeletal muscle as measured by fluorescence and collagen solubility. Insoluble collagen fraction decreased with increasing AG dosage, whereas acid-soluble and pepsin-soluble fractions increased with increasing AG dosage. Aminoguanidine did not affect shear force. In agreement with studies on animals with diabetes, AG is a potent inhibitor of glucose-derived cross-linking in chickens, although the results from the measurements of shear force do not support its use for improving carcass quality in spent hens.
1996 Poultry Science 75:432-437 zymatic glucose-derived collagen cross-linking occurs extensively over the whole molecule of the collagen, whereas the enzymatic cross-links mediated by lysyl oxidase are usually limited to the nonhelical regions (Bailey, 1989) . Sams (1990) fed B-aminopropionitrile (BAPN), an inhibitor of lysyl oxidase, to spent fowl in an attempt to improve meat tenderness, and found that heat-stable collagen concentration and shear force values were not affected, although egg production and body weights were significantly reduced. Finally, glucosederived collagen cross-links are irreversible, heat stable, and resistant to enzymatic digestion (Brownlee et ah, 1988; Bailey, 1989) . Increased heat stability and resistance to enzymatic digestion are characteristic of intramuscular collagen found in old animals (Swatland, 1984; Bailey, 1989) .
With the knowledge that glucose-induced collagen cross-linking plays an important role in the normal aging process and diabetes, the use of pharmacological agents to attenuate the formation of these cross-links has been investigated. Brownlee et al. (1988) first demonstrated that aminoguanidine (AG), a powerful nucleophilic agent that reacts with naturally occurring carbonyl containing compounds, limits the formation of glucose-derived cross-links in vitro and in vivo. Odetti et al. (1990) also showed that AG decreased collagen-linked (Key words: broiler breeder hen, aminoguanidine, nonenzymatic collagen cross-linking, meat tenderness, tissue fluorescence) fluorescence in the skin of both aging and diabetic rats. Similar results were obtained by Oxlund and Andreassen (1992) , who reported that AG treatment prevented the increase in the stability and tensile strength of tail tendons in rats with chemical diabetes. Aminoguanidine exerts its effect primarily by reacting with Amadorigenerated products (Brownlee et al, 1988) so preventing the accumulation of advanced glycosylated end products and the formation of cross-links between neighboring proteins. Avian carbohydrate metabolism is qualitatively similar to that of mammals except for certain differences in the endocrine regulation of glucose metabolism (Simon, 1989) . One striking, quantitative difference is the relatively high concentrations of blood glucose in the domestic fowl, which do not decline in response to feed deprivation (Hazelwood and Lorenz, 1959) . Concentrations of plasma glucose increase soon after hatch and remain approximately two-to threefold greater than in humans (200 mg/dL) for the duration of their life. For these reasons we hypothesized that treatment with AG could attenuate the accumulation of collagen-linked cross-links in the skeletal muscle of chickens which could ultimately lead to an increase in meat tenderness of hens at the end of a laying cycle.
MATERIALS AND METHODS

Stock Management
Broiler breeder pullets (Cobb x Cobb) 3 (n = 84) were raised from hatch under a conventional, restricted feeding program until 30 wk of age, at which time they were divided into four groups of n = 21. Each group was assigned randomly to breeder diets (NRC, 1984) supplemented with 0, 200, 400, and 800 ppm AG (aminoguanidine hydrochloride). 4 The dosages of AG were based on the observations of Brownlee et al. (1986) , who demonstrated that i.p. injections of AG 25 mg/kg per d effectively limited the formation of advanced glycosylated end products (AGE) and AGE-induced collagen cross-linking in vitro and in vivo, and the observations of Odetti et al. (1990) , who reported that AG added in the drinking water (1 g/L) decreased the collagen-linked fluorescence in the skin of aging and diabetic rats. Because birds were individually caged and fed 150 g diet/d, this corresponded to an initial daily AG intake of 0, 10, 20, and 40 mg/kg, respectively.
The hens were maintained in an approved poultry house that was temperature and light controlled until the birds were 64 wk old. Body weights were measured at the beginning and at the end of the study. A blood sample was taken from the wing vein when the birds were 64 wk of age for measurement of plasma glucose concentrations using a YSI Model 2700 SELECT auto-analyzer.5
At the end of the study eight birds from each group were killed by cervical dislocation. The left leg, consisting of the thigh and drumstick, was removed, placed in a plastic bag, frozen and shipped to Texas A&M University for measurement of meat tenderness. The right Biceps femoris muscle from each leg was removed, placed in a plastic bag and frozen at -70 C for analysis of tissue fluorescence and collagen solubility.
Measurement of Collagen-Linked Fluorescence
Muscle samples were assayed for fluorescence according to Monnier et al. (1984) . A 100-mg sample was homogenized for 60 s using a Polytron 6 in phosphatebuffered saline (pH 7.4). Each homogenate was centrifuged at 2,500 x g for 30 min at 4 C. The pellet was washed sequentially with methanol, water and buffer A (0.02 M HEPES buffer, pH 7.5 containing 0.01 M CaCl 2 ) and recentrifuged. The pellet was stored overnight at 4 C in 1 M NaCl and 0.05 M Tris-HCl buffer (pH 7.4). After storage the precipitate was suspended in buffer A, homogenized, and a sample was obtained for analysis of protein concentration. The remaining sample was digested with 10% (wt/wt) purified collagenase (Type  VII) 7 for 24 h at 37 C with mild shaking. Each digest was centrifuged at 2,500 x g at 4 C for 30 min. The supernatant was used for determination of fluorescence, hydroxyproline, and protein concentration.
Fluorescence was determined at 440/370 nm (emission/excitation wavelengths) using a Turner Model III fluorometer. 8 The results were expressed in arbitrary fluorescence units (AFU)/mg hydroxyproline (Monnier et al, 1984) and adjusted for protein concentration.
Measurement of Hydroxyproline and Protein Concentration
Each sample was hydrolyzed in 6 M HC1 for 6 h, neutralized with NaOH and decolorized with activated charcoal.
7 After centrifugation, the supernatant was filtered through Acrodisc CR PTFE 0.45 nm syringe filters 9 and diluted to 10 mL with distilled water. Hydroxyproline was determined spectrophotometrically 10 according to Stegmann and Stalder (1967) . Collagen content was calculated by multiplication of hydroxyproline content by 7.25, assuming collagen contains 13.3% hydroxyproline (Goll et al, 1963) . Protein concentration was measured prior to collagenase digestion according to a colorimetric method (Bradford, 1976) .
Collagen Solubility
Collagen solubility assay was performed according to the procedure of Schneider and Kohn (1981).
Step 1: Each sample (100 mg) was homogenized in neutral salt solution (1.0 M NaCl, 0.05 M Tris-HCl buffer, pH 7.4) using a Polytron until the tissue was in a thick suspension. The suspension was stirred at 4 C for 18 h and then centrifuged at 11,000 x g for 20 min at 4 C. The supernatant was transferred to clean test tubes and the pellet was resuspended in the neutral salt solution and centrifuged. The supernatants were combined for the determination of hydroxyproline content. The collagen contained in this fraction is referred to as neutral saltsoluble collagen.
Step 2: The pellet from
Step 1 was extracted in 0.5 M acetic acid solution with stirring for 18 h at 4 C, followed by centrifugation at 11,000 x g for 20 min at 4 C. The supernatant was transferred to a clean tube while the pellet was washed with 0.5 M acetic acid and recentrifuged. The supernatants from each centrifugation step were combined for the hydroxyproline measurement. The collagen contained in this fraction is referred to as acidsoluble collagen.
Step 3: The pellet from
Step 2 was suspended in 20 mL of 0.5 M acetic acid and digested with pepsin at a concentration of 1.0 mg/mL (10% wet weight) for 18 h with stirring at 4 C. To the viscous digestion mixture, 1.0 M NaCl, 0.05 M Tris-HCl buffer (pH 7.4) was added until the final salt concentration was 0.17 M. The mixture was centrifuged at 50,000 x g for 1 h at 4 C. The supernatant was transferred to a clean test tube and the precipitate was twice suspended in the neutral salt solution and centrifuged. The supernatants were combined for hydroxyproline determination. The collagen in this fraction is referred to as pepsin-soluble collagen.
Step 4: The pellet from Step 3 was washed twice with distilled water and used for the hydroxyproline determination. The collagen in this fraction is referred to as insoluble collagen.
Measurement of Meat Tenderness
Meat tenderness was measured as shear force according to the procedure of Sams (1990) . Each leg was baked on roasting racks in aluminum foil-covered roasting pans in a preheated, conventional gas oven at 177 C to an internal temperature of 80 C (approximately 45 min). The roasting pans were cooled at 2 C for 24 h and a sample from the B.femoris muscle (40 x 20 x 5 mm) of each leg was weighed and sheared perpendicular to the fiber direction with an Instron Universal Testing Machine (Model 1011) 11 using an Allo-Kramer shear attachment, a load cell (454 kg) at 50% capacity, and a crosshead speed of 500 mm/ min.
Statistical Analysis
The effect of AG on collagen-linked fluorescence was analyzed using a covariance procedure with protein "Instron, Canton, MA 45419. concentration used as the covariate. Collagen solubility and meat tenderness were analyzed as a completely randomized design. Multiple comparisons were subjected to Duncan's New Multiple Range test, except for collagenlinked fluorescence, in which case Least Squares Means (LSM) were used instead. All analyses were performed using SAS® procedures (SAS Institute, 1988) .
RESULTS
Body Weight and Plasma Glucose
Body weight gain of control birds over the 34-wk study averaged 1.218 ±0.111 kg per bird which was not different from birds fed AG. Concentrations of plasma glucose in control birds averaged 217 ± 11 mg/dL, which also did not differ from that of birds fed AG.
Collagen-Linked Fluorescence
A preliminary analysis of the data determined that collagen-linked fluorescence was significantly related to total protein concentration (r = 0.595, P = 0.015). After covariance analysis, in which the fluorescence values per unit of hydroxyproline in collagenase-digested B. femoris muscle were adjusted for total protein concentration, significant treatment effects (P < 0.0395) were observed (Table 1) . Fluorescence was lower in all groups fed AG as compared to birds fed 0 ppm AG with LSM significantly lower in birds fed 400 and 800 ppm AG.
Collagen Solubility and Meat Tenderness
Values for collagen solubility and meat tenderness are shown in Table 2 . Aminoguanidine did not affect total collagen concentration or the neutral salt-soluble fraction whereas, the concentration of acid-soluble, pepsinreleased and the residual insoluble collagen were affected (P < 0.05) by 400 and 800 ppm AG. The percentage of pepsin-released collagen increased in a linear fashion with increasing AG concentration. Acid-soluble collagen increased approximately threefold at the highest dose of AG whereas pepsin-released collagen increased almost fourfold. In contrast, the insoluble collagen fraction decreased (P < 0.05) with 400 and 800 ppm. Insoluble collagen was more than 30% lower at these higher concentrations.
There was no effect of AG on meat shear value although there was a trend (Table 2) for shear values to decline with increasing AG concentration. At the highest AG dose there was an approximate 10% reduction in measured shear value.
DISCUSSION
Plasma glucose was not affected by the chronic ingestion of AG, which suggests that the effects on tissue fluorescence were not simply due to a reduction in overall plasma glucose levels. Similarly, body weight was not affected by AG, which suggests that its ability to limit nonenzymatic cross-linking are markedly less toxic as compared to BAPN, which specifically limits enzymatic cross-linking (Sams, 1990) .
The results of these studies have shown that AG significantly decreased collagen-linked fluorescence on a protein adjusted basis in B. femoris muscle of broiler breeder hens. Measurement of muscle collagen-linked fluorescence was used to estimate the degree of glucosederived collagen cross-linking (Pongor et al, 1984; Chang et al, 1985; Odetti et al, 1990; Oxlund and Andreassen, 1992) . This measurement assumes that the compounds generated by cross-linking are resistant to enzymatic digestion, that they fluoresce at a characteristic wavelength, and that the samples are pure collagen. However, the samples used for collagen digestion normally contain some noncollagen materials that may also fluoresce (Taneda et al, 1990) and thus may marginally affect the values measured.
The ability of AG to decrease tissue fluorescence is consistent with numerous other studies that have found that AG decreases glucose-derived collagen crosslinking in skin (Odetti et al, 1990) , tendons (Oxlund and Andreassen, 1992) , and vascular wall of the retina, nerve, and kidney (Hammes et al, 1991; Edelstein and Brownlee, 1992; Nicholls and Madel, 1989; SoulisLiparota et al, 1991; Ellis and Good, 1991; Kihara et al, 1991; Yagihashi et al, 1992; Cameron et al, 1992; Klandorf et al, 1995) . Because fluorescence was correlated to total protein, which includes collagen and other matrix proteins, glucose-induced cross-linking may have occurred in other matrix proteins.
Solubility of muscular collagen was significantly affected by AG treatment. Birds fed AG had more acidsoluble and pepsin-released collagen and less insoluble collagen whereas the total collagen and neutral saltsoluble collagen were not affected. The ability of AG to limit the formation of insoluble collagen, i.e., the more cross-linked collagen, supports the results from the fluorescence studies. These results provide further evidence of the ability of AG to ameliorate long-term detrimental effects on tissue proteins. Evidence of a greater preponderance of the labile forms of collagen supports a role for AG in limiting the cross-linking Mean values within a row with no common superscript differ significantly (P < 0.05). 'TC = Total collagen concentration, mg/100 g wet meat. reaction in muscle tissue throughout the body. However, the results from both the fluorescence and collagen solubility studies did not translate into a significant effect on meat tenderness in B. femoris muscle. Measurement of shear value, an index of meat tenderness, did not support a relationship with AG dose. Shear value tended to decrease as the dose of AG increased but was not different even at the highest dose of AG tested. This observation may indicate that glucosederived cross-links do not exert a marked effect on meat tenderness. This observation would agree with the conclusions of Bailey and Light (1989) , who indicated that the effect of nonenzymatic glycosylation of the collagen molecule was unlikely to influence meat tenderness at slaughter age. Alternatively, the temperature used in the measurement of shear value may have been too high.
The effects of collagen cross-linking on meat tenderness are temperature dependent. At 60 to 65 C, collagen fibrils begin to shrink, which results in an increased fluid loss along with an increased shear value. The extent of shrinkage varies with the degree of crosslinking.-The more mature cross-links in collagen results in a greater generation of tension that would increase shear value. Higher end-point temperatures (80 C) used in the present study would have damaged the mature cross-links (Bailey and Light, 1989) and thus would have diminished the effects of AG on collagen cross-linking and its relationship to shear value. Alternatively, an effect of AG on shear force may be dependent on the muscle type selected for measurement. A red muscle was chosen because of its greater vascularization than white muscle and thus an increased perfusion of glucose from the capillary beds through the structural connective tissue fibers. In general, leg muscles also have a greater concentration of collagen than breast muscles. Finally, the rationale for AG treatment at 30 wk of age was based on the observation that peak of egg production in broiler breeder hens is at this time. Because meat tenderness in a 30-wk-old egg laying hen is less than in a broiler at ideal market weight, the effect on meat tenderness may have been greater if treatment with AG were begun at an earlier age. This may have prevented the formation of nonenzymatic cross-links developed prior to 30 wk of age.
